Creation of interspecific hybrids is widely common among both plants and animals. The literature review reports the creation of this type of crossbreds in order to
improve the features of interest from the point of view of breeding such as: weight gain, better resistance to diseases, increase in productivity and efficiency (Short, 1997) . Also between species of canids crossings to obtain new varieties of colors and improvement of the fur quality are often carried out. An example of these are hybrids of red foxes and arctic foxes (Alopex-Vulpes). In the 1940s Cole and Shackelford described eight kinds of hybrids taking into account the sex of input species (a feature which determines the fertility of the litter) as well as their coat color (Cole and Shackelford, 1947) .
Karyotypes of both parental species differ from each other in both the diploid number of chromosomes and their morphology. The red fox karyotype is known to be 2n = 34 + B and consists of the basic A set of 34 chromosomes and a variable number of supernumerary B chromosomes, which in most studies oscillates in the range of 0 to 8 (Beliaev et al., 1974; Gustavsson and Sundt, 1965, 1967; Świtoński, 1984; Mäkinen, 1985 b) . Today, however, it is believed that the number of B chromosomes can be as high as 10 (Basheva et al., 2010) . All chromosomes, except for the chromosome Y which is morphologically similar to the B chromosomes, are metacentric chromosomes. The karyotype of the arctic fox, unlike the one of the red fox, lacks B chromosomes. However, this species is characterized by a variable number of set A chromosomes: 2n = 48, 2n = 49 or 2n = 50. This is due to Robertsonian translocations often occurring in this species, which involve a fusion of acrocentric chromosomes in centromeric regions (Świtoński, 1981) . This results in a formation of metacentric chromosomes, and the number of chromosomes is reduced to 2n = 49 or 2n = 48 (Mäkinen, 1985 a; Świtoński, 1985) .
Average occurrence of particular karyotypes is not exactly known. It should be noted, however, that female foxes with 2n = 48 or 2n = 50 karyotype are more prolific than those having the diploid number of chromosomes of 2n = 49 (Świtoński, 1985; Mäkinen, 1985 a) . All of the autosomal chromosomes, except for two pairs (subjected to Robertsonian translocations) are meta-or submetacentric chromosomes. The chromosome X is a medium sized chromosome. Moreover, it is the smallest of submetacentric chromosomes, while the chromosome Y is acrocentric (Mäkinen, 1985 a; Świtoński et al., 2003) .
Due to the diversity in karyotypes of parental species of the hybrids of the red fox and the arctic fox (Alopex-Vulpes), the aim of the study was the analysis of mitotic chromosomes of the hybrids using appropriate techniques of classical and molecular cytogenetics.
Material and methods
The research material consisted of peripheral blood taken after the slaughter of three male red foxes (Vulpes vulpes), five female arctic foxes (Alopex lagopus) and 17 interspecific hybrids (Alopex-Vulpes) (five males, 12 females). The cytogenetic analysis was performed on microscope preparations of metaphase chromosomes obtained after a routine culture of peripheral blood lymphocytes.
C-banding
Slides were incubated in 0.2N HCl (Sigma) for 30 min, then washed in H 2 O and treated with a saturated solution of Ba(OH) 2 (Sigma) for 15 min at 50°C. After washing in H 2 O, slides were incubated in 2×SSC at 60°C for 1 h and stained with 5% Giemsa.
FISH method
Molecular probes specific for the dog X and Y sex chromosomes and the red fox B chromosomes suspended in hybridization mix (50% formamide, 10% dextran sulphate, 10% 20xSSC, 1% Tween 20 and 29% H 2 O) were applied on the metaphase preparations. The probes were obtained with the use of manual microdissection of the dog heterosomes and the red fox B chromosomes. In brief, the preparations were denatured in 70% formamide in saline-sodium citrate buffer (2×SSC) for 2.5 min at 70ºC. The probes were denatured at 70ºC for 10 min. The hybridization was carried out in 37ºC for two days. Post-hybridization washes were as follows: three times with 50% formamide in 2×SSC and three times in 2×SSC at 42ºC. The X and B probes were labeled with biotin so hybridization signals were detected by the avidin-FITC (fluorescein isothiocyanate) and anti-avidin system. The Y probe was labeled with Cy3 which does not need any additional detection. Finally, the preparations were mounted with DAPI stain in a mounting medium. Microscopic evaluation was performed under the Opton Axiophot fluorescence microscope equipped with a camera and Lucia software.
Silver staining (AgNOR)
Silver staining was performed according to Howell and Black (1980) by incubation of the slides with colloidal developer containing 50% AgNO 3 (Sigma) for 15 min. After washing in the tap water the preparations were stained in 5% Giemsa (Merck -Sigma) for 10 s.
PRINS with oligonucleotides complementary to rRNA
Primers specific for the mammalian 18S ribosomal RNA gene were used (Genomed, Poland):
Forward: 5'CCACGCTCTCGCCAACGTTAAT3' Reverse: 5'CGCTGTCCCACCGTCTCCTA3' The PRINS reaction mixture in a total volume of 25 µl per slide contained: 0.2 mM dATP, dCTP and dGTP; 0.025 mM dTTP; 1 nmol biotin-16dUTP; 0.2U Ampli Taq GOLD polymerase (Invitrogen, Germany); 1x Taq polymerase buffer with MgCl 2 ; 0.2 FM Fwd primer and 0.2 FM Rev primer, and sterile distilled water (MilliQ). The PRINS reaction mixture was applied on a slide, covered with a coverslip and sealed with fixogum to prevent evaporation. Reaction conditions were as follows: denaturation at 95°C for 5 min; annealing at 57°C for 15 min and extension at 68°C for 15 min. The PRINS reaction was stopped by transferring the slides to stop buffer containing 50 mM NaCl and 50 mM EDTA (pH 8.0) at 58°C for 5 min and then to the same buffer (50 mM NaCl and 50 mM EDTA, pH 8.0) at room temperature for 7 min.
PRINS with oligonucleotides complementary to telomeric DNA
Primers specific to both forward and reverse telomeric DNA strands were used ((TTTAGGG)7 and (CCCTAA)7, respectively). The PRINS reaction mixture in a total volume of 10 µl per slide contained: 0.2 mM dATP, dCTP and dGTP; 0.025 mM dTTP; 1 nmol biotin-16dUTP; 0.2 U Ampli Taq GOLD polymerase (Invitrogen, Germany); 1x Taq polymerase buffer with MgCl 2 , 0.4 µM Fwd primer and 0.4 µM Rev primer, and sterile distilled water (milliQ). Reaction conditions were as follows: denaturation at 94°C for 2 min; annealing at 58°C for 30 min. The PRINS reaction was stopped by transferring the slides to stop buffer containing 50 mM NaCl and 50 mM EDTA (pH 8.0) at 58°C for 5 min and then to the same buffer (50 mM NaCl and 50 mM EDTA, pH 8.0) at room temperature for 7 min. Biotin Painting Kit (3 Step) with FITC (Cambio UK) were used to visualize biotin-labeled PRINS products. Chromosome staining was performed with DAPI. Photos were captured in a fluorescence microscope OlympusBX61 equipped with a DP72 CCD camera and Olympus CellF software.
Results
In females of arctic foxes there were found two forms of karyotype: 49, XX and 50, XX. Male red foxes had 2n = 34 with a different number of B chromosomes -from 1 to 4. It was also found that the number of chromosomes in the interspecies hybrids varied not only between individuals but also between the cells of one individual and ranged from 35 to 42. The number of B chromosomes in the studied hybrids ranged from 0 to 4 and only for four individuals no B chromosome were observed. Table 1 shows karyotypes occurring in the subsequent individuals as well as their sex. Figure 1) showed that B chromosomes do not have any bands, suggesting the absence of heterochromatin, while the chromosome Y had a strong dark band which is characteristic of the red fox species. In ten autosomal chromosomes of the hybrids clear heterochromatin blocks were observed, which are characteristic of short chromosomes of the arctic fox. With the use of FISH technique the number of B and sex chromosomes of the interspecies hybrids (Alopex-Vulpes) was evaluated (Figure 2 ). On the X chromosomes, we observed a band formed after hybridization of the probe complementary to the chromosome Y which enabled the identification of pseudoautosomal regions. AgNOR method allowed for the visualization of active nucleolus organizer regions. For each individual a minimum of 50 metaphases were analyzed. In the arctic fox a greater number of active nucleolus organizer regions compared to the other species was observed. In the metaphases of the interspecies hybrids the most common number of NOR was indirect in relation to the parental species (Table 2) . With the use of PRINS technique with specific primers for the mammalian 18S ribosomal RNA gene, nucleolus organizer regions located on 12 chromosomes of the interspecies hybrid were revealed (Figure 3) . The resulting hybridization signals differed in intensity and size. The presence of single copies of rDNA in the centromeric regions of few metacentric chromosomes was also observed. With the use of PRINS technique telomeric sequences were revealed (Figure 4 ). The red fox chromosomes had telomeric sequences at the ends of chromosomes and in the centromeric regions. In the arctic fox, strong fluorescent signals were observed for centromeric regions and for some short chromosome arms rich in heterochromatin. Only in some chromosomes signals were present at the ends of chromosomes. Eighteen chromosomes without the fluorescent signal were found. The chromosomes of the interspecies hybrids showed signals at the ends as well as in the centromeres and short chromosome arms rich in heterochromatin. Telomeric sequences for hybrids were identified within the chromosomes.
Discussion
The crossbred of the red fox, which is characterized by a variable number of B chromosomes, and the arctic fox, having a variable number of set A chromosomes, results in the hybrids with different numbers of set A and B chromosomes, which on average is 2n = 42 + B (Cole and Shackelford, 1947; Mäkinen and Gustavsson, 1982) .
To date, chromosome analysis of these hybrids has been based only on the basic staining and a small number of individuals (Wipf and Shackelford, 1949; Mäkinen and Gustavsson, 1982; Świtoński et al., 1987; Gustavsson et al., 1988) , whereas molecular cytogenetic techniques used in this study allowed for a broader analysis of the hybrid karyotypes.
In the case of the arctic and red fox karyotypes, chromosome numbers observed in the study were consistent with the literature (2n = 49 or 50 and 2n = 34, B 1-4, respectively). In the interspecies hybrids, the number of set A chromosomes ranged from 35 to 44 and B chromosome from 0 to 4. Interestingly, not only inter-individual but also intra-individual differences in the number of chromosomes were observed, which may indicate mitotic and meiotic disorders that happened during the stage of early embryonic development leading to mosaicism. Only six individuals showed a fixed number of set A chromosomes and five hybrids did not inherit B chromosomes at all. A modal chromosome number of set A chromosomes was set to 2n = 40, 2n = 41, 2n = 42, which is consistent with the results of Mäkinen and Gustavsson (1982) . In one individual, in several metaphases, 35 chromosomes were found. This can be expected to be a result of a methodological error which caused the dispersion of the metaphase plates. Such high variability of the hybrid karyotypes is a result of the variation of two parental karyotypes. As expected, the number of A chromosomes is dependent on the presence or absence of the centric fusion inherited from the arctic fox (as a parent), while the number of B chromosomes comes from the red fox. In addition, other translocations can arise due to the homology of chromosomes of artic and red foxes (Mäkinen and Gustavsson, 1982) . While disturbances in divisions that occurred during the embryonic development of the hybrids could have led to ontogenetic variation within the number of chromosomes (mosaicism). The results confirm previous studies showing that B chromosomes may be inherited and that their number differs in various populations and between individuals (Świtoński et al., 1987; Green, 1988; Shi et al., 1988; Silva and Yonenaga-Yasuda, 1998) .
The red fox supernumerary chromosomes are similar in size and morphology to the Y heterosome. That is why it is difficult to distinguish them when staining with standard Giemsa reagent. Therefore, the sex of the hybrids was determined by FISH method using painting probes specific to the dog heterosomes. As a result, we obtained clear signals on all chromosomes of interest. It indicates substantial interspecies conservation of the X and Y chromosomes (Bugno-Poniewierska et al., 2012) . In addition, the signals obtained for the red fox on B chromosomes indicate the homology of these chromosomes whereas the lack of hybridization with set A chromosomes suggests that they possess no homology with the chromosomes of this set.
Moreover, C band staining method enables distinguishing B chromosomes from the Y heterosome. Images obtained for individual hybrids did not allow for a precise determination of their sex, but it was shown that in the studied individuals B chromosomes revealed no C bands, which indicate the presence of constitutive heterochromatin. However, the band was observed on the Y chromosome, which is consistent with the result obtained for the red fox (Świtoński, 1988) . Furthermore, the application of CBG technique showed varying amounts of heterochromatin -small areas for the red fox compared to the large amounts for the arctic fox. In the case of the hybrids, heterochromatin blocks were observed on the short arms of small metacentric chromosomes, which is characteristic for short chromosomes of the arctic fox and is consistent with the results obtained by Mäkinen and Gustavsson (1982) .
Cytogenetic studies aimed to determine the number and location of nucleolus organizer regions have shown that they are characteristic for each species. In the case of AgNOR staining a variation in number and size of silver deposits was observed. This variability is observed on the chromosomal, intercellular, interindividual and between population levels (Mellink et al., 1994; Pieńkowska and Zagalska, 2001; Słota et al., 2007) . As part of these studies, we estimated the number of active nucleolus organizer regions for each of the species as well as the most common number of NORs. Regarding a general number of NORs, it was determined to be virtually identical for these species, but differences were observed in the most common number of NORs, which was the smallest for the red fox and the largest for the arctic fox; while a hybrid of the two species was a resultant of both parental species.
Although the polymorphism of silver deposits can be considered a fairly common phenomenon, the number of manuscripts describing this in detail is not too high. Frequent absence of well-documented work on the polymorphism in some species (cattle, goats, sheep) should be considered as the effect of difficulties in identifying chromosomes with nucleolus organizer regions in distal regions of long arms. In addition, the variability of the number and size of silver deposits observed after silver staining of nucleolus organizer regions appears to have a more complex etiology. Although it is possible to adopt the general assumption that the transcriptional activity of nucleolus organizer regions (expressed with parameters of silver deposits) is correlated with the number of copies of rRNA genes in the region, it is not always true that regions characterized by a large number of copies of rRNA genes exhibit a sufficiently large transcriptional activity (de Capoa et al., 1991; Mellink et al., 1994; Guillen et al., 2004) . Studies on repression of transcriptional activity of nucleolus organizer regions suggest that there are at least three mechanisms causing inactivation of these regions. These are: the elimination of rDNA, DNA methylation and gene silencing by the effect of the position within the heterochromatin or telomeres (Wnuk et al., 2006) . The results of fluorescently visualized rDNA sequences allowed distinguishing four nucleolus organizer regions with strong fluorescent signals and six regions with weak fluorescent signals. Furthermore, single rDNA signals in the centromeric regions of several chromosomes of the interspecies hybrids were observed. These observations support the possibility of inactivation of nucleolus organizer regions by the above-mentioned mechanisms.
In order to visualize the telomeric areas of the examined species PRINS technique with primers specific to telomeric sequences was used. The results of this study show the presence of telomeric sequences in the red fox, the arctic fox and in their hybrids at both ends and inside the chromosomes. The presence of telomeric sequences within the chromosomes (ITS -Interstital Telomeric Sequences) may be due to multiple rearrangements that have occurred during speciation in the Canidae family, such as tandem or centric fusions (Robertsonian translocation) and other fusions or inversions. ITS can also arise during the repair of double-strand breaks (DSB) (Ruiz-Herrera et al., 2008) . Some studies suggest that the presence of ITS in the region of constitutive heterochromatin is not due to chromosomal rearrangements, but they are part of the satellite DNA (Garagna et al., 1997; Pagnozzi et al., 2000; Multani et al., 2001; Pagnozzi et al., 2002) .
The results of this study showed that chromosomal markers of the interspecies hybrids are inherited from the parent species and are a result of combination of their two genomes. However, intraindividual differences are also observed which may result from chromosomal aberrations during embryonic development. This may lead to the formation of different cell lines with different karyotypes (mosaicism). The applied methods of molecular cytogenetics allowed broadening the knowledge about the karyotype of the interspecies hybrids. , 38: 315-332 . d e C a p o a A., A l e i x a n d r e C., F e l l i M.P., R a v e n n a L., C o s t a n t i n o M.A., G i a n c o tt i P., V i c e n t i O., P o g g e s i I., G r a p p e l l i C., M i l l e r D. A. (1991) . Inheritance of ribosomal gene activity and level of DNA methylation of individual gene clusters in a three generation family. Hum. Genet., 88: 146-152. G a r a g n a S., R o n c h e t t i E., M a s c h e r e t t i S., C r o v e l l a S., F o r m e n t i D., R u m p l e r Y., R o m a n i M.G.M. (1997) . Non-telomeric chromosome localization of (TTAGGG)n repeats in the genus Eulemur. Chromosome Res., 5: 587-591.
